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Abstract 
The study of the fine structure of the phosphorus and silicon 
distribution i  near-bottom layers and in the interstitial water 
of the sediments has been carried out in the different Baltic 
Sea regions (Gulf of Finland, Bornholm, Gotland). The data 
of this study are used to calculate the flows and effective 
transport coefficients for mineral phosphorus and silicon ex- 
change processes between sediment and near-bottom layer. 
The values of nutrient flows varied depending on sediment 
type from 9.8 to 632 pg-at, m -2 year 1 for phosphorus and 
from 232.4 to 1881.1 ,ug-at. m 4 year -1 for silicon. The de- 
pendence of the effective transport coefficients versus the 
distance from the bottom (h) is expressed by empirically-de- 
rived equation: Keff= Ah -b. The values of constants "A" and 
"b" depend on the hydrochemical conditions, sediment type 
and hydrophysical conditions in the near-bottom layers. Cal- 
culated constants for regions are discussed. 
5 
Introduction 8 
12 
The inflow of regenerated mineral forms of elements from 15 
bottom sediments into water environment is the main source 18 
of renewal phosphorus and silicon storage in seawater. The 21 
32 quantity of these elements flows determines the intensity of 
33 
biogeochemical transformation of organic matter in sedi- 34 
ments and provides the information about nutrients balance 37 
in the various blocks of ecosystem. The mechanism of chem- 39 
ical transformation f organic matter in sediments had been 41 
discussed in the following papers (BRUYEVICH 1962; BRUYE- 44 
VICH • ZAITZEVA 1958; JAHNKE 1990; MANHEIM 1976; LER- 45 
MAN 1979; SHISHKINA 1971; SHISKINA et al. 1981; ENOKSSON 46 
1987). The values of flows of different elements were esti- 47 
mated in LI (1974), MANHEIM (1976), BORDOVSKIY (1980) 51 
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and SHISHKINA et al. (1981). Studying the efficiency of inter- 
face exchange of phosphorus and silicon ionic forms (PO 4 
and SiO2) at the water-bottom boundary (WBB) and investi- 
gating the peculiarities of hydrochemical structure of near- 
bottom layer (NBL) in different Baltic regions were the aims 
of this work. The investigations were carried out in June 
1995 in the l l th  cruise of scientific research ship "Professor 
Logachev" in frames of the programme "Marine Ecological 
Patrol". 
Table 1. Coefficients of approximating equations. 
Station A b 
PO 4 SiO2 PO4 SiO2 
29.15 230.52 0.9908 0.9999 
5.27 124.59 0.9667 0.9985 
18.30 206.02 0.9838 0.9935 
213.03 376.28 0.9965 0.9950 
140.12 483.00 0.9950 0.9983 
40.69 251.41 0.9873 0.9964 
9.43 205.13 0.9408 0.9942 
14.77 313.28 0.9834 0.9901 
6.69 340.12 0.9643 0.9910 
101.37 856.36 0.9953 0.9816 
46.77 276.74 0.9936 1.0035 
69.18 187.84 0.9938 0.9832 
37.40 240.14 0.9937 0.9972 
277.26 633.99 0.9927 0.9893 
78.17 367.02 0.9805 0.9975 
95.78 417.11 0.9911 0.9931 
10.76 114.53 0.9332 0.9924 
Methods 
Water from NBL was taken by a series of plastic water-sampling 
bottles "Niskin" type (5 1 volume), the lowest level of sampling 
being in 1 m from the bottom. The distance between levels of sam- 
pling was 1-2 m. The thickness of explored NBL was 5-7 m. Water 
samples from the layer in the close vicinity of the bottom and Sam- 
ples of surface sediment layer for getting interstitial water, were 
taken with the help of geological coring tube "GGT" type. Intersti- 
tial waters from the upper sediment layer (2-3 cm) were separated 
from the solid phase using vacuum filtering funnel "Falcon" 
(U.S.A.). Measurements of phosphorus concentrations were ful- 
filled according MORPHY and RILEY'S method (MoRPHY & RILEY 
1962), silicon was measured according KOROLE~'S method (KO- 
ROLEFF 1972). 
Results and Discussion 
Measurements were carried out at 21 stations in different re- 
gions of the Baltic Sea. The results are presented in Table 1. 
The data about phosphorus and sil icon in interstitial waters 
(Table 2) indicate the existence of local zones with increased 
Table 2. Phosphorus and silicon concentrations in interstitial water and their flows from sediments into near-bottom water layer. 
Station Coordinates Concentration (/Jg-at./1) Humidity of 
sediment 
Flows (~ag-at.m 2day -1) 
PO 4 S iO 2 PO 4 SiO2 
5 59 53'96 N 30.26 246.4 
28 37'09 E 
8 60 03'40 N 6.42 140.0 
27 45'56 E 
12 60 03'27 N 19.63 221.2 
27 40'33 E 
15 60 15'66 N 214.15 392.0 
27 58'55 E 
16 60 20'38 N 105.64 - 
28 00'07 E 
18 60 03'50N 142.75 498.4 
27 10'30 E 
21 59 46'08 N 42.80 268.8 
27 23'06 E 
32 59 50'90 N 11.42 224.0 
24 49'90 E 
33 59 33'27 N 17.13 352.8 
23 30'74 E 
34 59 31'97 N 9.28 389.2 
23 29'40 E 
37 57 18'79 N 102.78 896.0 
20 06'39 E 
39 55 54'20 N 49.96 313.6 
1853'12E 
40 55 59'69 N 185.57 420.0 
19 04'96 E 
41 56 03'96 N 71.36 232.4 
1858'19E 
44 56 03'91 N 39.97 285.6 
19 05'92 E 
45 55 23'97 N 285.50 705.6 
15 08'71 E 
46 55 20'63 N 82.79 420.0 
15 37'04 E 
47 55 23'72 N 100.75 492.8 
15 36'43 E 
49 52 21'18 N 65.10 341.6 
15 41'93 E 
51 55 14'02 N 12.09 126.0 
15 17'51 E 
0.873 64.6 481.9 
0.838 9.8 248.1 
0.793 38.6 430.4 
0.892 515.0 823.2 
0.808* 249.1 - 
0.831 331.6 1080.3 
0.590 89.1 528.7 
0.798 18.2 420.9 
0.800 28.4 619.6 
0.838 11.6 663.7 
0.789 239.8 1881.1 
0.785 97.7 545.5 
0.808* - - 
0.815 154.2 376.9 
0.808* 78.7 456.1 
0.856 632.6 1313,0 
0.795 167.6 718.6 
0.798 206.5 794.3 
0.832 - - 
0.808* 22.6 232.4 
* Mean value of humidity. 
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concentrations of these elements in comparison with mean 
values. In the eastern part of the Gulf of Finland, where 6500 
tons of phosphorus are brought in every year by the river dis- 
charge (EMELYANOV 1995), we can single out the station 
15 with concentrations of phosphorus and silicon of 214.15 
and 392 pg-at. × 1-1 while the mean values in this region were 
80.24 and 297.47 ~g-at. × 1 ~1 correspondingly. The maxi- 
mum value of silicon concentration was measured at the 
station 18 (484.40 pg-at, x 1<). The maximum silicon con- 
centration i  interstitial water was noted in the central part of 
the Baltic Sea at the station 37 (Gotland cavity) and was 
equal 896 pg-at, x 1 q. Accumulation of silicon in interstitial 
waters may be connected with intensive dissolution of amor- 
phous silica in the silts of the stagnated zone (BLASHCHISHIN 
1976). The concentrations of dissolved silicon in NBL 
(0.1-2.0 m from the bottom) were also high, 67.20 and 
46.40 ~g-at. x V. The phosphorus concentration i intersti- 
tial water at this station (102.80 tag-at, x 1-1) corresponded to
developing conditions of the process of homogenic phospho- 
rus sedimentation a d fixing it to form iron and manganese 
phosphates (BLASHCHISHIN 1976). At the polygon near Born- 
holm (st. 45-51) anomaly high phosphorus and silicon con- 
centrations of 285.50 and 705.60 pg-at, x 1-1 corresponding- 
ly, were registered at the station 45, while mean values for 
this polygon were 109.25 and 417.20 pg-at, x 1-1. At the ver- 
tical profiles of phosphorus and silicon distribution in NBL 
the typical tendency of sharp concentration i crease is seen 
just in the zone of the sediments and water contact. The dis- 
tance from bottom, where the value of concentration gradi- 
ent stopped to be significant, was accepted as a thickness of 
NBL. Concentration gradients of phosphorus and silicon at 
different distances from bottom were calculated with the 
help of the data on vertical distribution of these elements. 
The examples of the element concentration distribution are 
shown on Fig. 1. 
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Fig. 1. Distribution of phosphorus in the near-bottom layer on the 
stations 15 and 45. 
Changes of concentration gradients inside NBL in depen- 
dence on the distance from the bottom may be approximated 
by the function 
G = AY -b (1) 
where: G - concentration gradient (#g-at. x 1 -~ x mq; Y -  dis- 
tance from bottom (m). 
The value of"A" coefficient and its variations correspond 
to the absolute values of the element concentration i  NBL at 
the station and their changes from station to station. Coeffi- 
cient "b" depends on the intensity of mass-exchange in NBL 
(extent of turbidity). However these elements are not passive 
tracers of physical processes. This is the reason for the differ- 
ences in "b" values for silicon and phosphorus, that is due to 
characteristic features of the elements transfer, these features 
being connected with active interaction with the environ- 
ment. 
Using data on phosphorus and silicon concentrations in 
interstitial waters we calculated the flows of these elements 
from sediments into near-bottom water. The flows character- 
ize the intensity of regeneration process in the ecosystem of 
various Baltic Sea regions and enable to compare regenera- 
tion and anthropogenic income of nutrients in the process of 
increasing euthrophication f Baltic waters. A sharp increase 
of PO4 and SiO2 concentrations in near-bottom and intersti- 
tial waters may also indicate changes in oxidation-reduction 
conditions or the presence of a technogenic source of these 
ions in the aquatory under investigation. To estimate the 
flows we used the equation, analogous to the equation sug- 
gested by MANHEIM (MANHEIM 1976): 
AC 
F=D TxSxA (2) 
AX 
where: F - quantity of element (pg-at.); AC - difference be- 
tween concentrations in interstitial and near-bottom waters 
(pg-at.cm-3): D - diffusion coefficient (cm 2 × s-l); T - time 
(s); S - sediment area (cm2); ~ - humidity (water content) of 
sediment; AX - thickness of sediment layer (cm). 
Autoradiographic pictures showed that the phosphorus 
accumulated within a 5 mm thick layer at the sediment-water 
interface (HOLM 1978); in situ measurements showed this 
value to reach 15 mm. So the sediment layer thickness of 10 
mm was chosen for calculations, because it is the mean 
value. Phosphorus diffusion coefficients in surface sediment 
layer, determined experimentally were in the range of 
6.3-8.5 x 10 ~6 x cm 2 S -a, the temperature being 25 °C (Lr & 
GREGORY 1974). In the study (BORDOVSKIY et al. 1980) the 
mean value of diffusion coefficient for phosphate-ion was 
estimated to be 6.3 x 104 x cm 2 s -1 (25 °C). Taking into ac- 
count the change of seawater viscosity and the real tempera- 
ture of bottom sediments (2-3 °C), we have the mean value 
of 3.6 x 10 -6 x cm 2 s -1 (according LI & GREGORY 1974). The 
same value of diffusion coefficient was taken for silicon. 
Flows of nutrients in bottom sediments through the horizon- 
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tal cross-section of 1 m 2 area  were calculated using this dif- 
fusion coefficient. The values of PO4 and SiO2 flows vary in 
the range of 9.8-632.6 and 232.4-1881 jag-at, x m 2 x day -~ 
correspondingly, depending on specific onditions at the sta- 
tions. The range of flow values and absolute values are com- 
parable with PO4 flows estimated for the region of Peruanian 
upwelling (BORDOVSK[Y et al. 1980). The maximum phos- 
phorus flow (632 ug-at, x m -2 x day -1) was observed at the 
station 45 (near Bomholm), that is probably connected with 
the sharp change of hydrochemical conditions in NBL (the 
change of oxidation to reduction and the appearence of hy- 
drogen sulphide, which was not noted in this region before, 
in 1994). Oxygen depletion leads to releasing phosphorus 
occluded in hydrated ferric oxide gel from the sediments to- 
gether with iron reduced to Fe (II) (HOLM 1978). The value 
of phosphorus flow from sediments, obtained by HOLM in 
this region was 18 pg P x m -2 x cl 1 (or 600 pg-at. P x m -2 x 
dq), that is in agreement with our data. The silicon flow at 
this site was also high. 
The minimum phosphorus flow of 9.8 ,ug-at. x m 2 x d -~ 
was measured at the station 8 (in the region of concretion 
field). One of the most important factors affecting the dy- 
namics of substance transport from bottom sediments into 
NBL, is the velocity of mass-exchange inside the boundary 
layer "bottom-seawater". 
The intensity of this process may be described by the 
value of vertical effective mass-transfer coefficient (Kerr), 
characterizing molecular and turbulent ransfer inside the 
pocket of laminar and turbulent layers. Magnitude of this co- 
efficient depends mainly on the velocity of near-bottom flow 
generating development of turbidity in vertical direction. As 
a result of these processes interaction, the coefficient of ver- 
tical turbulent diffusion (Kerr) increases at first and then be- 
comes stable as the distance from bottom rises, Kef being re- 
sponsible for effective coefficient of transfering chemical 
components dissolved in water. To evaluate the magnitude of 
this coefficient, he data on the character of vertical changes 
of PO 4 and SiO2 concentration gradient in NBL were used. 
The advective term of the transfer equation was assumed to 
be included as a mixing factor in the expression for calculat- 
ing Ker   . In conditions of quasi-stationary changing processes 
in the system "NBL-bottom" in horizontal cross-section at 
different distances from the bottom, substance flow equality 
is true (the First Fick's Law): 
I = K iG i  = K i+ i  G i+l  = I i+ l  (3) 
where: I - flow of element (~g-at. x cm 2 X s-l); K - effective 
transfer coefficient in i layer (cm 2 x sq); G - concentration 
gradient in i layer (btg-at. x 1 q x cm 1). We also assumed Kerr 
in the layer 0-1 cm from bottom to be equal 0.01 cm 2 x s q 
(Kinematic coefficient of molecular viscosity) (OZMIDOV 
1968). Using this value and the concentration gradient in the 
same layer in (3), we calculated substance flow for every sta- 
tion; concentration gradient was found by approximation of
direct data according the equation (1). Thus the effective co- 
efficient of vertical transfer in NBL may be evaluated with 
the help of the following expression: 
I K~e= - -  yb (4) 
A 
For example, according to our data about phosphorus distri- 
bution Ker   at the station 15 may be found from the empirical 
equation 
Kefr = 0.00984 yO.996s cm 2 × s-1 (5) 
and in analogous way for silicon 
Kef f = 0.00978 y0.9950 cm a × s < (6) 
K~ from the equations (5) and (6) are quite close in their 
magnitude. Mean values of Ker r versus  distance from bottom 
are depicted in Fig. 2. 
The tendency of Kef f changes in the studied NBL is in 
agreement with the results of ADAMS and WEATHERLY 
(ADAMS & WEATHERLY 1981), though it does not obey the 
known law of 4/3. The explanation is that the inflow of tur- 
bulent energy in real NBL is not constant. Suppression of 
turbulence development in NBL is moderately expressed, 
that may be connected probably with weak density stratifica- 
tion during the period of observations. However the values 
of K~ are comparable with DEFANT'S data (DEFANT 1936) 
(his Kz for near-bottom waters in the South Atlantic was 
equal to 4 cm 2 N S -1) and with the calculated ata of other au- 
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Fig. 2. Ke~- versus distance from bottom. A - According to silicon 
data; [] - according to phosphorus data. The variance is shown by 
the zone between dottes lines. 
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thors cited in OZMIDOV (1968). Analogous absolute values of 
K~ff were obtained in the investigation of NBL in the Canary 
upwelling zone (DOMANOV & KONNOV 1994). 
References 
ADAMS, C. E. & WEATHEt~L¥, G. L. ( 1981): Some effects of suspend- 
ed sediment stratification on an oceanic bottom boundary layer. 
Journ. Phys. Res. 86: 4161-4172. 
BLASHCHISHIN, A. I. (1976): Osnovnye chimicheskie komponenty v 
donnych ocydkah [Main chemical components in bottom sedi- 
ments]. In: V. GUDELIS & I. E. EMELYANOV (eds.), Geologija Balti- 
jskogo morja [Geology of the Baltic Sea], pp. 255-288. Vilnius. 
BORDOVSKIY, O. K., DOMANOV, O. K. & FEDIKOV, N. F. (1980): Ex- 
change of nutrients at the bottom-water boundary in the coastal 
zone of Peru. Oceanology 20: 425-428. 
BaUYEVICH, S. V. (1962): Izuchenie himicheskoj stratigrafii v pri- 
donnom sloe i v vodnyh massah Chernogo morja [Study of chem- 
ical stratigraphy in the bottom layer and water mass of the Black 
Sea]. Trudy Inst. Okeanologii Akad. Nauk SSSR 54: 32-38. 
D~VANT, A. (1936): Ausbreitungs- und Vermischungsvorg~inge im 
antarktischen Bodenstrom und im subantarktischen Zwischen- 
wasser. Wiss. Ergebn. Dtsch. Atlant. Exp. "Meteor", Bd. 6, Tell 2. 
DOMANOV, M. M. & KONNOV, V. A. (1994): Estimate of the exchange 
of nutrients in a near-bottom water later (Canary Region). 
Oceanology 33:471474. 
ENOKSSON, V. (1987): Nitrogen flux between sediment and water 
and its regulatory factors in coastal areas. Thesis Ph.D., Depart- 
ment of Marine Microbiology, University of G6teborg. 
EMELYANOV, E. M. (1995): Processy sedimentogeueza v Finskom za- 
live svjazannye s antropogennymi nagruzkami [Sedimentation in 
the Gulf of Finland related to anthropogenic load]. Oceanology 
35: 770-779. 
HOLM. N. G. (1978): Phosphorus Exchange through the Sediment- 
Water Interface. Mechanism Studies of Dynamic Processes in the 
Baltic Sea. Thesis Ph.D., Department of Geology, University of 
Stockholm. 
JAHNKE, R. (1990): Early diagenesis and recycling of biogenic de- 
bris at the seafloor. Santa Monica Basin, California. Journ. Mar. 
Res. 48: 413-436. 
KOROLEFF, F. (1972): Determination f reactive silicate. Cooperative 
Res. Rep. IGES Series A, 29: 87-90. 
LERNAN, A. (1979): Geochemical Processes in Water and Sediment 
Environments. New York. 
LI, J. H. & GkEGORV, S. (1974): Diffusion of ions in sea water and in 
deep-sea sediments. Geochim. Cosmochim. Acta 38:703-714. 
MANHEIM, E T. (1976): Interstitial waters of marine sediments. In: 
Chemical Oceanography 6, 2nd Edition, pp. 115-181. London, 
New York, San Francisco. 
MORPH¥, J. & RmEY, J. E (1962): Modified single solution method 
for determination f phosphate in natural waters. Analyt. Chim. 
Acta 27:31-36. 
OZMIDOV, R. V. (1968): Gorizontalnaja turbulentnost i urbulentnyj 
obmen v okeane [Horizontal turbulence and turbulent exchange 
in the ocean]. Moscow. 
SNISHKINA, O. V. (1971): Biogennye lementy v ilovyh vodah i rol 
obmena v perenose fosfatov pridonnye vody [Nutrients in oozy 
waters and the role of exchange in the transfer of phosphates to 
bottom waters]. Dokl. Akad. Nauk SSSR 201:707-710. 
- PAVLOVA, G. A., ISAEVA, A. B. & SHEVCHENKO, A. N. (1981): Os- 
novnoj solevoj sostav ilovyh vod Baltijskogo morja [The main 
salt composition of oozy waters of the Baltic Sea]. In: A. R 
LISICIN & E. M. EMELJANOV (eds.), Ocadkoobrazovanie v Balti- 
jskom more [Sediment formation in the Baltic Sea], pp. 191-207. 
Moscow. 
Authors' address: M. M. DOMANOV & E. G. VODIANAIA, P. P. Shir- 
shov Institute of Oceanology, Russian Academy of Sciences, 
Krasikova 23, R - 117218 Moscow, Russia; Fax: ++7/095/1245983. 
266 Limnologica 29 (1999) 3 
